The influence of electromagnetic fields on the creation of scalar particles from vacuum in a flat Robertson-Walker space-time is studied. The Klein Gordon equation with varying electric field and constant magnetic one is solved. The Bogoliubov transformation method is applied to calculate the pair creation probability and the number density of created particles. It is shown that the electric field amplifies the creation of scalar particles while the magnetic field minimizes it.
I. INTRODUCTION
It is widely known that strong electric field creates particle-antiparticle pairs from the vacuum. This effect has many important applications in modern physics from heavy nucleus to black holes [1] . Several decades ago, Schwinger studied pair creation effects in the context of gauge invariance and vacuum polarization [2] . It has been shown that the vacuum to vacuum transition amplitude can be expressed through an intermediate effective action,
and the pair creation probability can be extracted from the imaginary part of this action
The probability of pair creation from vacuum is calculated in the presence of some electromagnetic fields [3, 4] and it has been concluded that electric field produces scalar particles with probability
while the magnetic field and the plane wave do not create pairs.
However, in spite of the fact that constant magnetic field does not produce particles, the probability given in (3) modifies to be
when a magnetic field is added to the electric one. Therefore a magnetic field influences significantly the creation of particles.
Particle-antiparticle pairs may be created also by gravitational fields. This phenomenon is a prediction of quantum field theory in curved space-time and its study requires a definition of a vacuum state for the quantum fields [5] [6] [7] [8] [9] [10] . However, it is well-known that in arbitrary curved background, there is no absolute definition of the vacuum state and the concept of particles is not completely clear. From physical point of view this is because in quantum theory a particle cannot be localized to a region smaller than its de Broglie wavelength.
When this wavelength is sufficiently large, the concept of particle becomes unclear. In expanding universe spontaneous creation of particles occurs because the vacuum state is unstable -e.g., the vacuum state defined in the remote past differs from the vacuum state in the remote future. The effect of particle creation has many applications in contemporary cosmology -e.g., it could have consequences for early universe cosmology and may play an important role in the exit from inflationary universe and in the cosmic evolution [11] [12] [13] [14] [15] [16] [17] .
The purpose of this paper is to study the effect of electromagnetic fields on the creation of scalar particles from vacuum in a flat Robertson-Walker space-time with the use of canonical method based on Bogoliubov relation between "in" and "out" states. We know that electromagnetic fields are abundant in the universe during the initial stages of its formation and certainly these fields have some influences on particle creation. In this context, electromagnetic fields influence the cosmic evolution directly via Friedman equations and by their effect on the creation of particles. Motivated by the fact that there is no electric field in the present stage of the universe, we consider in this work a varying electric field which vanishes at t → ∞. The study of particle creation with stationary electric field is valid only when the creation of particles is significant for a short time interval. This is due to the fact that created particles has an inverse effect on the electric field [22] . We note that the creation of scalar particles in electromagnetic and gravitational fields is discussed in several situations [18] [19] [20] [21] [22] .
The paper is organized as follows; At the beginning we introduce a scalar field propagating in Robertson-Walker space-time and we give a general method to study the creation of scalar particles in a such space-time. Next we consider a solvable example with a varying electric field and we give two sets of exact solutions for the Klein Gordon equation. Then by the use of the relation between these two sets we determine the probability of pair creation, the number density of created particles and the vacuum persistence. For a particular case where the universe behaves like a radiation dominated one we calculate the total pair production probability from the vacuum to vacuum transition amplitude and we show how electric field amplifies particle creation. Finally we consider the combination of electric and magnetic fields.
II. GENERAL FORMALISM FOR PARTICLE CREATION
In order to study the phenomenon of particle creation in gravitational fields we have at our disposal several methods such as the adiabatic method [23] [24] [25] , the Hamiltonian diagonalization technique [26] [27] [28] [29] , the Green function approach [30, 31] , the Feynman path integral technique [32, 33] , the semiclassical WKB approximation [10, [34] [35] [36] [37] as well as the method based on vacuum to vacuum transition amplitude and Schwinger-like effective action [38, 39] and the "in" and "out" states formalism [40] [41] [42] [43] that we shall use in this paper.
To begin let us consider a scalar matter field Φ with mass m and charge e subjected to a gravitational field described by the metric g µν and an electromagnetic field described by the vector A µ . The dynamics of this system is in general governed by the following Klein Gordon equation
where R is the Ricci scalar and ζ c is a numerical parameter (In conformal coupling ζ c = 1 6 ).
We consider, in this work, a flat Robertson-Walker space-time provided with a metric of the form
where η is the conformal time η = dt/a (t) and C (η) is the new scale factor defined by
We choose to work with conformal time η which is convenient to the present coupling and we consider the gauge A µ =(0, 0, 0, A z (η)). If we introduce a new field ψ (x) so that
where χ ( x) has, in the case of flat space-time, the form of a plane wave χ ( x) ∼ exp i k. r ,
we can obtain the simplified equation
with
We assume that the space-time is asymptotically Minkowskian and the potential A z (η) is asymptotically constant when η → ±∞. This choice is suitable for the problem of particles creation. Since ω(η) in equation (10) satisfies the super-adiabatic condition,
there is two adiabatic vacuum states and, consequently, the particle production is welldefined.
In such a case the solutions of the Klein Gordon equation have the following asymptotic behavior
where indicates the positive or the negative frequency mode ( = ±1) and ω out and ω in are given by
operator in it's Fourier decomposition
where, in canonical quantization formalism, the operatorsâ k andb k satisfy the following commutation relation
With the help of the normalization condition
we can find without difficulties the following expression of the Hamiltonian associated with the scalar field system
where
Here we remark that H is not diagonal at any time. However, since the mode functions ϕ k (η) have asymptotic behaviors (12) and (13) at η → ∓∞, we can see that F k (η) = 0 and H becomes diagonal at η → ±∞. In this situation we can define two vacuum states |0 in and |0 out . The state |0 in is an initial quantum vacuum state in the remote past with respect to a static observer and |0 out is a final quantum vacuum state in the remote future with respect to the same observer. This gives some vacuum instability which leads to particle creation.
Since equation (9) is of second order there are only two independent solutions and all other solutions can be expressed in terms of these two independent ones. Here we want to find two sets of independent solutions so that the two functions ϕ ± in of the first set behave like positive and negative energy states at η → −∞ and the two functions ϕ ± out of the second set behave like positive and negative energy states at η → +∞. The relation between these two sets or the so-called Bogoliubov transformation is
where the Bogoliubov coefficients α and β satisfy the condition |α| 2 − |β| 2 = 1. The relation between the creation and annihilation operators is then
For the process of particle creation the probability amplitude that we want to calculate is defined by
Taking into account that
we obtain
The probability to create a pair of particles in state k from vacuum is then
Let C k to be the probability to have no pair creation in the state k.The quantity C k (P k ) n is then the probability to have only n pairs in the state k. We have
or simply
Being aware of
we can find the vacuum persistence which reads
Another important result is the number density of created particles
The general technique for investigating the process of particle creation being demonstrated, let us give an explicit example where the Klein Gordon equation admits exact and analytic solutions.
III. SOLVABLE MODEL WITH VARYING ELECTRIC FIELD
Particle creation in Robertson-Walker space-time has been much discussed and the pair creation probability and the number density of created particles have been derived for several forms of the scale factor describing different stages of the evolution of the universe. For the present work we choose for the scale factor the form
where a, b and c are positive parameters. We can see that this form is the generalization of various particular cases found in literature; When c = 0, we have a cosmological model with C (η) = a + b tanh (λη) which has been widely studied [44] [45] [46] . With a particular choice of parameters a, b and c we get some models discussed in [47, 48] . In addition, this universe becomes a radiation dominated one when a = b = 0, c = a 4 0 4λ 2 and λ → 0. We can also make connection with a Milne universe (i.e. a (t) = a 1 t.) when c = 0, λ = a 1 , b = a = and taking the limit ε −→ 0.
We choose for the varying electric field the gauge
which describes the following electric field
1 and η = t) [49] .
In such a case ω out and ω in are given by
and the simplified Klein Gordon becomes
Now in order to solve equation (38) we make the change η → ξ, where
The resulting equation that takes the form
is a Riemann type equation [50] 
with the condition
Following [50] we can find for equation (42) several sets of solutions that can be written in terms of hypergeometric functions. Taking into account the behavior of positive and negative energy states we can classify our two sets as follows; for the "in" states we havẽ
The factors (2ω in ) −1/2 and (2ω out ) −1/2 are determined by the use of the normalization condition (17) which explains the conservation of the Klein Gordon particle current.
For the "out" states we havẽ
Let us, now use the relation between "in" and "out" solutions to determine the probability of pair creation and the number density of created particles. By the use of the relation between hypergeometric functions [50]
and the property
and
The probability to create one pair of particles from vacuum is then
Using the following properties of the Gamma functions [50] Γ(z + 1) = zΓ(z),
we arrive at
For the vacuum persistence we obtain
n (k) = cosh 2π
Here we note that the number density of created particles can be written as
and for large frequencies n (k) becomes
which is a thermal Bose-Einstein distribution.
Let us note that when b = c = 0 and a = 1 and by taking the limit λ → 0, we obtain the well-known result associated with the constant electric field in Minkowski space-time
with k
IV. PARTICULAR CASE
Now we consider a cosmological model with a scale factor of the form
which describes a radiation dominated like universe a (t) ∼ a 0 √ t. It is obvious that this situation can be obtained by considering the particular case when b = 0, c = a 4 0 4λ 2 and by taking the limit λ → 0. Here the role of the parameter a is to check the correctness of our results by making comparison to the case of Minkowski space-time when a = 1 and a 0 = 0.
To consider the particle creation in pure radiation dominated universe we have to put a = 0.
It is easy to show that when the scale factor is given by equation (64), the probability P k can be written in the form
The vacuum to vacuum transition probability is then
and consequently
Expanding the quantity ln(1 + σ) and replacing the summation over k by
By doing integration over k x and k y we obtain
For the integration over k z we can use the following property
to write 2 Im S ef f in the form
where the particle creation probability per unit of time Γ (η) is given by
Here we note that we obtain the Schwinger result by setting a = 1 and a 0 = 0.
For a 0 = 0, by doing integration over conformal time η, we get a Schwinger-like series
Now if we consider a pure radiation dominated universe (i.e. a = 0) we can see that the electric field amplifies the gravitational particle creation by the following factor
which is, for strong field, of order eE 0 /ma
For the number density of created particles we have
The total number of created particles can be written then in the form
Consequently we have
By doing integration over η we get
We see that the factor γ can be obtained also from
This effect seems to be important for light particles. However, this is not true. Since n (η) in equation (79) is Gaussian with respect to η we find that particle creation is significant in the time interval
stationary only for short time ∆η << 1. This gives
The effect of electric field is then more important when the mass of created particles verifies the condition √ eE 0 << ma 2 0 << eE 0 . Thus, electric field predominantly produces heavy particles. Furthermore, it is possible to create super-heavy particles with the mass of the Grand Unification scale in the early universe by strong electric field. This may have many important cosmological consequences. For light particles the effect of the electric field on particle creation is negligible although the factor γ becomes large when m is small. This is explained by the fact that, when m decreases N T (E 0 = 0) decreases so that N T = γN T (E 0 = 0) remains negligible.
V. EFFECT OF MAGNETIC FIELD
Having studied the phenomenon of particle creation in the presence of an electric field, let us now consider the superposition of an electric field and a magnetic one to investigate the influence of the magnetic fields on the creation of scalar particles. For this aim we choose the gauge
which leads to the following Klein Gordon equation
To solve this equation we decompose ψ (η, x) as
where the functions ϕ(η) and g(x) obey respectively
where κ is a constant resulting from the separation of variables. It is clear that by making the change x → x − ky eH , equation (88) becomes similar to the wave equation associated with the harmonic oscillator, where the solution is given by
Here, l is an integer and H l (x) is the Hermit polynomial. For the function ϕ(η) we have
The later equation is similar to (38) with the change a → a . Then with the same steps as in section (III) we can obtain the following results
Let us remark here that when a = 1, b = c = 0 and λ → 0 we obtain the probability of pair creation in Minkowski space-time with electric and magnetic fields
Like in the previous section when b = 0, c = c 0 λ 2 and λ → 0 we can get easily
This result is in complete agreement with equation (5.8) in [20] . Now by doing integration over η we obtain the expression
which reduces in the case of a pure magnetic field to
Thus the magnetic field minimizes the gravitational particle creation by the factor
In the presence of both fields the amplification factor will be given by
where X = In addition, it is well-known that pure gravitational fields do not create massless particles with conformal coupling. Unlike results of reference [21] this remains true even if electromagnetic fields are present. In effect from equation (106) we can see that N T = 0 when m = 0.
VI. CONCLUSION
In this paper we have studied the effect of electromagnetic fields on the creation of scalar particles in a Robertson-Walker space-time by considering the canonical method based on Bogoliubov transformation. We have given two sets of exact solutions for the Klein Gordon field equation with varying electric field and we have used these solutions to calculate the probability of pair creation and the number density of created particles.
Then we have discussed a particular cosmological model that behaves like radiation dominated universe where we have calculated the vacuum to vacuum transition probability and we have extracted the nonvanishing imaginary term of the effective action that means that created particles are real and not virtual ones. We have considered also the combination of varying electric field and constant homogenous magnetic field.
The essential result is that strong electric field amplifies gravitational particle creation by a factor of order eE 0 /ma 2   0   5 2 . This conclusion is in agreement with the result of [22] .
We have shown also that the magnetic field minimizes the particle creation like in case of Minkowski space-time with pure electromagnetic fields. Then the effect of electric field is more important than the magnetic field one vis-a-vis the process of cosmological scalar particle creation.
It is obvious that the inclusion of magnetic field may be done by making the change k 2 ⊥ → (2n + 1) eH.This explains why the magnetic field minimizes the particles creatione.g., since particles prefer to be created in lower energy state [4] and the minimum of k 2 ⊥ is 0 while the minimum of (2n + 1) eH is eH.
In addition, the creation of massless particles with conformal coupling is impossible even if electromagnetic fields are present. 
